Nuclear magnetic resonance relaxometry is a uniquely practical and versatile implementation of NMR technology. Because it does not depend on chemical shift resolution, it can be performed using low-field compact instruments deployed in atypical settings. Early relaxometry studies of human blood were focused on developing a diagnostic test for cancer. Those efforts were misplaced, as the measurements were not specific to cancer. However, important lessons were learned about the factors that drive the water longitudinal (T 1 ) and transverse (T 2 ) relaxation times. One key factor is the overall distribution of proteins and lipoproteins. Plasma water T 2 can detect shifts in the blood proteome resulting from inflammation, insulin resistance and dyslipidemia. In whole blood, T 2 is sensitive to hemoglobin content and oxygenation, although the latter can be suppressed by manipulating the static and applied magnetic fields. Current applications of compact NMR relaxometry include blood tests for candidiasis, hemostasis, malaria and insulin resistance.
Introduction
Nuclear magnetic resonance (NMR) encompasses a family of diverse methods and can be divided into three broad categories: spectroscopy, imaging and relaxometry. The early history of NMR is rooted in spectroscopy, as chemical shift resolution has enabled chemists and structural biologists to deduce the structures of increasingly complex molecules. Since the 1980's, the medical community has been exploiting the spatial resolution afforded by magnetic resonance imaging (MRI) to inform diagnosis and therapy. Thus, the core strengths population health screening. Blood is a complex, heterogeneous mixture containing many hundreds of proteins and metabolites, as well as lipoprotein nanoparticles, cell-derived microparticles, blood cells, and an abundance of water. The challenge is to extract meaningful health-related information from complex samples, using simple but sound analytical approaches.
Methods used in compact NMR relaxometry
The primary methodological distinction of low-field NMR relaxometry is that data are analyzed in the time-domain, rather than the frequency domain. In spectroscopy and imaging, the raw time-domain signal is Fourier transformed to generate a frequency-domain format. For spectroscopy, this calculation yields a spectrum of peaks, each containing information about resonance frequency (recorded as the chemical shift), as well as amplitude and phase. Using the proper pulse sequences, relaxation times can be extracted by analyzing the decay or recovery of the amplitudes of the frequency-domain peaks as a function of delay time.
By contrast, in relaxometry, the raw time-decay signal is analyzed without Fourier transformation. No spectra are generated, and no chemical shifts are recorded. Rather, the relaxation times are obtained by analyzing the exponential decay or recovery of the timedomain NMR signal. Although atomic resolution is sacrificed, the T 1 or T 2 relaxation times have some resolving power of their own [5] . Relaxation times are sensitive to rotational and translational diffusion, as well as chemical exchange processes. Thus, multi-component or multi-phase samples may contain resolvable domains with distinctly different T 2 or T 1 values. Examples include solutions containing large molecules along with much smaller ones, e.g., proteins dissolved in an aqueous buffer. Another example is an aqueous suspension of lipid emulsions, such as found in dairy products or in blood, where the dynamics of the emulsified lipid molecules are considerably different from those in the aqueous phase. A third example includes molecules that contain distinct mobility domains, such as long-chain substituted hydrocarbons in oil or liquid crystalline phases.
The methods used to acquire data in compact NMR relaxometry are variations of the experiments used in spectroscopy and imaging. For lucid descriptions of relaxation experiments, the reader is referred to the books by James [6] , Freeman [7] , and Levitt [8] . Inversion-recovery is used to acquire T 1 ; Hahn spin-echo and Carr-Purcell-Meiboom-Gill (CPMG) experiments are used to measure T 2 . Spin-lock experiments can be used to determine the rotating-frame relaxation time T 1ρ . If quantitation of T 1 or T 2 is not required, simpler experiments can be devised to compare the time-domain free-induction decay patterns of different samples.
Another class of relaxometry experiments monitor relaxation dispersion, the magnetic field dependence of relaxation times. The field dependence of T 1 , T 2 and T 1ρ offer insights into the mechanisms that contribute to nuclear spin relaxation. Some of these experiments utilize specialized hardware for fast-field-cycling NMR [9] .
Although the inversion recovery and Hahn spin echo experiments have important roles in relaxometry, the CPMG experiment is the method of choice for analyzing and resolving multi-component systems. Beyond its ability to suppress the effects of magnetic field inhomogeneity and other artifacts, it offers the quickest, most robust way to record a wellsampled exponentially decaying signal with a high signal-to-noise ratio. These requirements are critical for detecting and resolving the weaker, non-water signals in plasma, serum and blood, but also are important for obtaining accurate water relaxation times.
A modified CPMG pulse scheme for NMR relaxometry developed by our laboratory is shown in Fig. 1 . Four features of this pulse sequence warrant further explanation:
1.
Water suppression: The composite 180° pulse (90 x 180 y 90 x ) and Δ delay was introduced prior to the CPMG scheme to partially suppress the water signal and eliminate radiation damping. Radiation damping is the additional torque on the spin system generated by the intense water magnetization [7] , and it varies with sample size, field strength and probe design. It can be detected as a non-exponential artifact in the calculated residuals of the exponential fit. Using the residuals as a guide, the Δ delay can be tuned to eliminate radiation damping while retaining as much water signal as possible to enhance signal-to-noise ratio. If the residuals show oscillations or other non-random deviations from zero, the delta delay is shortened until the residuals appear random. This approach to partial water suppression differs from high-field NMR spectroscopy, where the usual goal is to achieve essentially complete water suppression.
2.
Delayed acquisition: Relaxation experiments for plasma, serum and blood samples generate several exponential decay components, and too many components creates challenges with multi-exponential analysis. We introduced an optional delayed acquisition, or DA loop, to eliminate the most rapidly decaying components, i.e., the 1 H nuclei of large proteins or protein assemblies. This facilitates the analysis of the slower decaying components from mobile lipid and protein domains, and from water. In most of our experiments with blood components, the DA loop is set to eliminate the first 19 msec of the exponentially decaying signal.
The 2τ inter-pulse delay impacts the effective CPMG field strength and is an important determinant of the T 2 value in blood samples [12] . Variation of CPMG field strength can be used in relaxation dispersion experiments to estimate chemical exchange rates, as has been demonstrated with protein NMR spectroscopy [13] . Also, short 2τ values are necessary to suppress contributions to T 2 resulting from the translational diffusion of molecules in an inhomogeneous field [14] . Inhomogeneous magnetic fields are common with the low-field permanent magnets used in compact relaxometers, which lack shim coils. For a particular instrument, the influence of translational diffusion at a given temperature can be assessed by collecting a series of CPMG experiments with increasing 2τ values. The sample should be one where chemical exchange contributions to T 2 are negligible or absent, such as pure water. Many of the early blood sample studies described below used relatively long 2τ delays (greater than ~1 ms), so it is possible that instrument-specific diffusion effects may have contributed in part to the observed study-to-study variations in T 2 .
The absence of the Fourier transform in CPMG relaxometry provides two key advantages: high data sampling and quick data acquisition. In spectroscopy, it is customary to collect an array of 10-40 spectra, each acquired with a different total CPMG decay time, i.e., the total time allowed for partial signal decay during CPMG. In relaxometry, the entire CPMG decay curve is acquired in just one data set. Because of this advantage, the relaxometry curve can contain hundreds-to-thousands of time points rather than just 10-40. The high data sampling rate is necessary for a robust deconvolution of multi-exponential decay curves. A highlysampled, eight-scan CPMG relaxometry experiment on human blood serum can be collected in just 3-4 minutes. The short data collection time is critical for the translation of NMR into clinical diagnostic settings, where high sample throughput is necessary to keep testing costs down.
For mono-or bi-exponential T 1 or T 2 decay curves, the analysis and extraction of relaxation times is straight forward. A bigger challenge lies in analyzing curves with three or more exponential terms. An inverse Laplace transform can be used to extract time constants and amplitudes for multi-exponential decay curves. These algorithms are implemented in programs such as CONTIN [15] and XPFIT [16] . The XPFIT program permits the user to choose a continuous or discrete analysis and to constrain the number of exponential terms in the latter. While powerful and useful, caution is warranted when performing inverse Laplace calculations. For scientists used to Fourier transforms of raw NMR data, the inverse Laplace calculation is not nearly as stable and robust [17] . If the data is noisy, the inverse Laplace calculation may represent an ill-posed problem [18] . The key to achieving robust inverse Laplace analysis is to ensure that the raw CPMG decay curves have high signal-to-noise ratios and are free of non-exponential artifacts. With aqueous samples like blood plasma, achieving high signal-to-noise for quantifying water T 2 is not difficult. However, if the goal is to quantify the T 2 values for the non-water components of blood (proteins, lipids, etc.), extensive signal averaging is often necessary.
For quick 8-or 16-scan data acquisitions for human plasma or serum samples using the pulse sequence in Fig. 1 , we find that stable and reproducible discrete inverse Laplace fits can be obtained with three exponential terms. Three is the minimum number needed to obtain random residuals. For longer runs with 256-to-2048 scans, four exponential terms can be used, as the increased signal-to-noise adds information content to the data. For concentrated samples such as oil-phase lipids, four-term fits can be used, as illustrated below.
When using discrete inverse Laplace transforms to compare plasma, serum or blood samples across a cohort of human subjects, it is important to fix the number of exponential terms to the same number in order to obtain a valid "apples-to-apples" comparison. The discrete algorithm in the XPFIT program is useful for this purpose, as it allows user control over the number of exponential terms, with a maximum of four.
A sample CPMG decay curve, recorded for sample of blood serum from a healthy human subject, is illustrated in Fig. 2A . Unlike the conventional NMR free-induction decay, this is a pure exponential decay curve containing no frequency oscillations. A T 2 profile with four peaks, obtained by continuous inverse Laplace transformation in CONTIN, is shown in Fig.  2B . This T 2 profile superficially resembles a NMR spectrum, but has a different x-axis (time rather than frequency) and a fundamentally different meaning. The large blue peak on the right, centered at ~800 msec, represents the T 2 distribution for water in human serum. The area under that peak provides the relative amplitude of that exponential component. In addition, the profile reveals three small orange peaks on the left, corresponding to T 2 distributions for protons in mobile lipid and protein domains. This particular data set was acquired with 2048 scans in order to have sufficient signal-to-noise to tease out those much smaller components. While the continuous T 2 profile is helpful for visualizing the distribution of T 2 values, we employ the discrete algorithm in XPFIT for T 2 quantification.
Fig . 2C shows the superimposition of water peaks obtained for serum samples from 29 asymptomatic, apparently healthy human subjects, illustrating the significant person-toperson variability in serum water T 2 . The source of this variability is a major focus of our current research [19] .
Low-field relaxometry studies of the liquid components of blood
Many of the water relaxometry studies of samples containing proteins and other blood components were motivated by an interest in defining the factors that affect image contrast in MRI. Relaxation times are heavily exploited in imaging, as exemplified by the schemes for recording T 1 -and T 2 -weighted images. Some low-field relaxometry studies have been performed using whole-body MRI instruments, which are hardly compact. Nevertheless, those results provide fundamental insights into the factors that drive relaxation times and offer a glimpse into the potential for compact relaxometry studies of blood products.
By mass, water accounts for >80% of blood and >90% of blood serum or plasma. Therefore, water yields the dominant 1 H NMR signal (Fig. 2B ). Water molecules form hydrogen bonds with virtually every protein, lipoprotein and metabolite in the blood. Thus, the relaxation properties of water can be used to monitor the type and relative quantities of blood proteins and lipoproteins.
In low-field relaxometry, it is possible to detect the lipid and protein components directly, not via water (Fig. 2B, inset) . However, that approach requires more care in the collection of data and has rarely been used. Therefore, most of the low-field relaxometry studies discussed in this review monitor blood components via the spin relaxation of the water 1 H NMR signal.
In Section 3, we begin by discussing the liquid components of blood: fractionated serum and plasma proteins, lipids and lipoproteins, followed by unfractionated whole plasma and serum. Section 4 addresses studies of blood cells and whole blood.
Serum and plasma proteins
Proteins are highly concentrated in blood serum (6.1-8.1 g/dL) and plasma (6.4-8.4 g/dL), with fibrinogen concentration essentially making up the difference between the two. While there are hundreds of proteins in blood plasma, the ten most abundant proteins (albumin, IgG, transferrin, fibrinogen, IgA, α2-macroglobulin, IgM, α 1 -antitrypsin, C3 complement and haptoglobin) account for over 90% of the total protein concentration, and the top two, nearly 80% [20] . Therefore, a relatively small number of proteins and lipoproteins are the dominant effectors of water T 1 and T 2 relaxation in serum and plasma.
An important observation is that water relaxation rates are linearly correlated with protein concentration, irrespective of the protein type [21] [22] [23] [24] . This is a consequence of several factors. Water relaxation is modulated by Brownian molecular motions. It results from fluctuating local fields and is governed largely by the dipole-dipole relaxation mechanism [6] . The 1 H T 1 and T 2 values for protein-bound water molecules in solution are inversely proportional to the correlation time for rotational diffusion of the protein-water complex, i.e., the time it takes for the 1 H magnetic dipoles to rotate by one radian in the static magnetic field of the NMR instrument. In turn, the rotational correlation time depends on temperature and viscosity, as defined by the generalized Stokes-Einstein-Debye equation [25, 26] which is reproduced in ref. [5] . The protein-bound water molecules (treated as solute in the Stokes-Einstein-Debye analysis) rotate at the much slower reorientation rate of the protein; thus, the observed water T 1 and T 2 values in protein solutions are lower than those of unbound water [27] . In addition, the protein-bound water molecules undergo 1 H exchange with unbound water and with the hydrogen atoms on ionizable groups of the protein. These exchange processes can further decrease the observed 1 H T 2 value for water [28, 29] . Taken together, water relaxation times are influenced by the binding and exchange of water molecules on and off protein binding sites, as well as sample viscosity.
The dominant terms contributing to water relaxation rate constants are given in Equations (1) and (2). Here, R 1dd,free and R 2dd,free represent the dipolar relaxation rates for free, unbound water; R 1dd,bound and R 2dd,bound represent the dipole-dipole relaxation rate constants for protein- (2) bound water; and R 2,exchange and R 2,diffusion represent the contributions of chemical exchange and diffusion to R 2 relaxation rates, respectively. The remaining terms represent the electron-dipole relaxation resulting from paramagnetic centers.
The 1 H on/off exchange rates for water (sub-nsec) are fast relative to the T 1 and T 2 time scales (msec-sec). Therefore, protein-bound and unbound water yield a weighted-average T 1 or T 2 value. As protein concentration increases, the fraction of bound water increases and the exchange-averaged relaxation time decreases.
The contributions of individual proteins to water relaxation can be compared using plots of water relaxation rates vs. protein concentration. The slope of R 1 or R 2 vs. protein concentration is defined as the relaxivity, a measure of a protein's effect on water 1 H relaxation per unit protein concentration. Relaxivity values for a number of human blood proteins and protein fractions are listed in Table 1 . Note that albumin, one of the lower molecular weight proteins in blood, has the lowest relaxivity values among this group. In general, relaxivity values increase with molecular weight. For example, the γ-globulin fraction contains a significant fraction of IgM, the largest protein in blood, and IgG, which has over twice the molecular weight of albumin. The highest relaxivity was observed with transferrin, a protein that binds paramagnetic iron and has a disproportionately large impact on water relaxation. Except for transferrin, the R 2 relaxivity values are much higher than those for R 1 , indicating that R 2 is much more responsive to changes in protein concentration. That occurs, in part, because the transverse relaxation of water in protein solutions can be influenced by additional factors (translational diffusion and/or chemical exchange) that normally do not contribute to R 1 . Knowing the relaxivity values under matched conditions, one could predict the impact of changes in the concentration of individual proteins or protein fractions on T 2 or T 1 . Fig. 3 plots T 2 as a function of total protein concentration for purified albumin (triangles), lipoprotein-deficient serum (squares), and whole serum (circles). This plot roughly spans the range of albumin and total protein concentration found in human serum. The observed differences for these three fractions highlight the disproportionately large impact of nonalbumin proteins and lipoproteins on water T 2 values. The apparent linearity is a consequence of the relatively narrow range of protein concentrations examined. When the albumin plot includes protein concentrations well below 3 g/dL, it takes on the expected hyperbolic shape of a reciprocal function.
Note that the curves in Fig. 3 are not relaxivity plots, as the y-axis is T 2 rather than R 2 .
When the data are recast as R 2 , the plots are linear and the slopes differ in the following order: albumin < lipo-protein-deficient serum < whole serum. This provides further evidence that the non-albumin proteins and lipoproteins -collectively termed globulins -have higher relaxivity values compared with albumin. Thus, an increase in the globulin/albumin ratio, as can occur in the human circulation, would be predicted to lower serum water T 2 . An inverse correlation between serum or plasma T 2 and globulin concentration or globulin/albumin ratio has been observed in studies of human subjects [19] .
Another important consideration in protein relaxometry is the dependence of relaxation times on B o field strength [30] . Early relaxation dispersion studies of serum albumin at different concentrations and temperatures suggested three rapidly-exchanging pools of water: free, translationally restricted, and rotationally bound [31] . Monitoring the temperature dependence of T 1 values, thermodynamically structured water was observed to have different properties in human albumin vs. γ-globulins [32] . Studies using 2 H and 17 O relaxation dispersion revealed that protein water T 1 relaxation in protein solutions is heavily influenced by a relatively small number of tightly bound or buried water molecules that undergo rotational motions with the protein [33, 34] .
An important observation for low-field NMR is that water T 2 (unlike T 1 ) varies little with B o , at least over the 5-60 MHz range of field strengths typically encountered in compact NMR instruments.
Lipids and lipoproteins
Human blood contains several classes of lipid-rich nanoparticles termed plasma lipoproteins. The function of these particles is to transport insoluble cholesteryl esters and triglycerides through the circulation, and to target their lipid cargo to particular tissues and metabolic pathways. The plasma lipoproteins are categorized by density and consist of four main classes: low-density lipoprotein (LDL), high-density lipoprotein (HDL), very-low density lipoprotein, (VLDL) and chylomicrons (CM).
The general architecture of the particles consists of an oil-phase lipid core surrounded by a monolayer of amphiphilic phospholipids, un-esterified cholesterol and proteins [35, 36] . The LDL and HDL particles have a cholesteryl ester-rich core, with considerably less triglyceride. By contrast, VLDL and CM have a predominately triglyceride-rich core. The physical and biological properties of the phospholipid, cholesteryl ester and triglyceride components are heavily influenced by their constituent fatty acids, which vary in hydrocarbon chain length and degree of unsaturation.
Lipoprotein particles are remodeled during metabolism and disease. For example, insulin resistance and diabetes causes LDL and HDL to become more triglyceride rich, altering their uptake and clearance from the blood. Moreover, the fatty acid compositions of the particles are altered by diet and metabolism, resulting in changes in molecular motions and lipid fluidity.
Compact NMR relaxometry is well suited to track the remodeling of lipoproteins in metabolism and disease. Initial work was performed using oil-phase lipids and mixtures designed to mimic some aspects of the lipoprotein core [5] . Fig. 4 displays the T 2 profiles for a series of pure 18-carbon fatty acids that vary in the number and position of double bonds. Using an inverse Laplace transform to analyze the multi-exponential decay curves, three distinct T 2 components were resolved. These components were assigned to clusters of protons in segments of the hydrocarbon undergoing distinct motions. Large shifts in T 2 values were seen with increasing numbers of cis-double bonds. The 1 H T 2 values for oilphase fatty acids are sensitive to lipid fluidity which, in turn, is governed by molecular packing [5] . This is further illustrated by the variation with hydrocarbon chain length and double bond stereochemistry (Fig. 2 of ref. [5] ). In addition, T 2 differences can be detected for lipid mixtures that mimic the serum fatty acid compositions of individuals on diets rich in saturated, mono-unsaturated or polyunsaturated fats (see fig. 5 of ref. [5] ).
While elegant analyses have been conducted using high-resolution NMR spectroscopy [37] , there are virtually no reports using compact relaxometry to characterize plasma lipoproteins.
The data from lipid model systems demonstrates the resolving power of T 2 with respect to lipid mobility domains [5] , which may be achievable with lipoproteins as well. Benchtop relaxometry studies of the lipid and protein 1 H signals from lipoprotein fractions, as well as lipoproteins in whole serum, are ongoing in our laboratory and will be reported elsewhere.
Whole plasma and serum
Blood plasma and serum are related but distinct liquid fractions of the blood. Serum is obtained after waiting for the blood to clot in the collection tube, and then separating the fibrin clot and blood cells from the liquid supernatant by low-speed centrifugation. By contrast, plasma is obtained by centrifuging whole blood collected using a tube that contains an anti-coagulant. Thus, serum and plasma are not equivalent and have distinct protein compositions and concentrations [20] . Plasma contains five clotting factor proteins not present in serum, namely factors I, II, V, VIII and XIII. All but one have low concentrations, but factor I (fibrinogen) is abundant, constituting approximately 4% of total plasma protein.
Plasma fibrinogen levels correlate inversely with plasma water T 2 relaxation times [23] .
Water 1 H relaxation times for human plasma and serum, recorded by different laboratories under a range of conditions, are compiled in Table 2 . The results are listed in order of increasing magnetic field strength. Four main observations can be made. First, T 2 values are consistently lower than those for T 1 . The correlation co-efficient between T 1 and T 2 values, measured by the same laboratory under comparable conditions, is approximately 0.6 [38] . Compared with T 1 , water T 2 relaxation includes additional contributions from lowfrequency fluctuations such as slow rotational motions, chemical exchange and diffusion [6] [7] [8] , so there is a conceptual basis for the divergence of T 1 and T 2 observed with plasma samples. A second observation is that T 1 values increase with B o magnetic field strength, consistent with dipole-dipole relaxation being the dominant contributor to T 1 . By contrast, T 2 shows little or no dependence on B o field under these conditions. Third, the T 2 values obtained with short CPMG 2τ delays below 1 ms [19, 23] are noticeably higher than those obtained with longer 2τ delays. This observation is consistent with the concept that higher effective CPMG field strength suppresses contributions to T 2 from exchange and diffusion. Fourth, the T 1 or T 2 values appear to differ in some groups of healthy individuals compared those with certain metabolic abnormalities or diseases. This observation is discussed further in Section 3.4.
As with purified protein solutions, the relaxation rates of water in human plasma or serum are influenced by the binding and exchange of water 1 H with the largest and most abundant proteins and lipoproteins. In addition, human plasma and serum contains a number of low molecular weight metabolites that can interact with water, such as glucose and amino acids. However, water-metabolite interactions are expected to have a negligible influence on the relaxation times of water, mainly because dipolar relaxation is inefficient for low molecular weight compounds. This prediction is supported by our in vitro studies of water T 2 vs.
metabolite concentration over ranges relevant to human physiology. An exception occurs at very high concentrations of glucose (>250 mg/dL), which occurs in vivo only in severe, uncontrolled diabetes. Under these conditions, glucose reacts non-enzymatically with protein side chains, forming Schiff-base adducts and advanced glycation end products that can enhance the binding of water to proteins.
Overall, water T 1 and T 2 values are strongly influenced by the total serum or plasma protein concentration, as well as the relative amounts of individual protein and lipoproteins [19, 23] .
High molecular weight proteins are predicted to have a disproportionately large influence on relaxation times [39] . In addition, proteins that have larger numbers of tightly bound waters are expected to have a greater influence on relaxation times. Both of these factors are captured in the relaxivity value for each protein.
The observed R 1 or R 2 value for a given serum or plasma sample can be estimated by summing the individual contributions of the most abundant protein and lipoprotein components:
Here, c 1 and r 1 represent the concentration and relaxivity of the first protein or protein class, and i = 1 or 2 for R 1 or R 2 , respectively. To first approximation, such estimates come close to values for whole plasma or serum [21] [22] [23] [24] . This analysis depends on having accurate relaxivity values for each protein and lipoprotein class, measured under an appropriately matched set of experimental conditions.
Plasma and serum relaxometry and human disease
The early literature relating plasma or serum water 1 H relaxation times to human disease was characterized by initial excitement that soon led to controversy. In the 1970's and 80's, there was a flurry of interest in the possibility of using NMR relaxometry as a blood test for early cancer detection [23, [38] [39] [40] [41] [42] [43] . The efforts in humans were stimulated by prior results in animals showing an increase in T 1 for tumors as compared with normal tissues [44, 45] as well as a "systemic effect": an increase in the T 1 for the serum of animals developing cancer [46] [47] [48] . Subsequent studies in humans yielded mixed results and interpretations. Several groups observed an increase in plasma or serum T 1 in cancer patients [38, [41] [42] [43] , while others saw no significant difference [22, 23, 39, 40] . The relaxation times measured in these studies are cataloged in Table 2 . In the end, it was determined that the observed changes in relaxation times were not specific to cancer per se, but reflected the host's response to the disease. The initial enthusiasm surrounding a possible blood test for cancer gave way to some disillusionment and skepticism about using NMR relaxometry as a clinical diagnostic tool [22] .
In spite of the disappointment regarding cancer, some important lessons were learned along the way. First, the total protein concentration and the relative distribution of proteins are among the most important physiological factors driving plasma and serum relaxation times. As expected from the dipolar contributions to relaxation, larger molecular weight proteins have a disproportionate effect, especially on lowering T 2 values (Table 2 and refs. [23, 39] ). The contributions from individual proteins are additive: the observed relaxation times for whole plasma or serum can be estimated by summing up the (concentration * relaxivity) terms for the main protein fractions [21] [22] [23] 39] . Endogenous paramagnetic ions in human serum appear to have a negligible impact [21, 49] .
A second lesson learned was that plasma relaxation times are influenced by viscosity as well. Protein concentration and viscosity are highly correlated. After correcting for total protein concentration, approximately 40%-60% of the variation in plasma T 2 could be explained by variations in viscosity [23] . A third lesson was that T 2 is more sensitive to protein and viscosity shifts than is T 1 , when results are compared under controlled conditions and short 2τ values are used [19, 23] . Much of the early efforts to correlate relaxation times with disease were based on T 1 results only [40, 42, 50] .
Rather than cancer, a more promising clinical application of plasma or serum T 2 measurements is in monitoring disease states more closely associated with shifts in blood proteins and lipoproteins. One such shift occurs in the acute phase response to infection or injury. The acute phase response is a component of innate immunity, the body's first line of defense against invading microorganisms. The liver increases its secretion of some proteins into the circulation (positive acute phase reactants) while decreasing others. As albumin is a negative acute phase reactant and is abundant in plasma and serum, the net shift in the acute phase response is toward higher molecular weight proteins. Indeed, T 2 is significantly lower in diseases characterized by inflammation or infection (Table 2 and refs. [23] ). Though possible, it is impractical in the routine evaluation of a clinic patient to measure a panel of individual proteins, chemokines and cytokines in order to monitor the acute phase response. Unlike biomarker panels, the water T 2 values provide a high-level view of shifts in the blood proteome in just one measurement. No existing diagnostic or screening test provides such a perspective on human physiology or pathology.
A more subtle form of inflammation occurs with the early metabolic abnormalities that precede type 2 diabetes [51, 52] . Since the 1980's, the prevalence of diabetes has been skyrocketing and has become a major threat to the health and well being of societies world wide [53] . Conventional measures for screening and prevention occur too late, as glucose or hemoglobin A 1c levels do not become abnormal until over half of pancreatic insulin secretory capacity has been irreversibly lost [54] . Thus, there is a need for practical methods that detect diabetes and prediabetes risk at an earlier stage. Preliminary results indicate that plasma T 2 is sensitive to the early insulin resistance and metabolic inflammation that precede prediabetes, metabolic syndrome and overt diabetes [19] . This is an active area of investigation by our laboratory, and additional results are forthcoming.
Another recent and exciting application of compact NMR relaxometry is in the rapid diagnosis of infectious diseases such as Candidiasis. By exploiting magnetic nanoparticles coupled with specific antibodies, low levels of infectious agents can be detected using benchtop T 2 measurements [55, 56] . Related technology is being developed for the clinical evaluation of hemostasis, namely disorders of clotting and bleeding [57] . These new applications of compact NMR relaxometry are the focus of another article in this issue authored by Thomas J. Lowery.
Low-field relaxometry of whole blood and blood cells

Factors affecting relaxation times in whole blood and blood cells
In whole blood, water exists in at least two distinct compartments: intracellular and plasma.
The red blood cells outnumber white blood cells by a factor of 1000 and platelets, by a factor of ten. Moreover, red cells have five times the diameter and considerably more volume than platelets. Therefore, the intracellular water compartment for whole blood is dominated by the hemoglobin-rich environment inside of red blood cells. The intracellular hemoglobin concentration, clinically measured as the mean corpuscular hemoglobin concentration, is 32-36 g/dL: 4-5 times the total protein concentration in plasma. From protein binding and viscosity considerations alone, it follows that the water T 1 and T 2 values for the intracellular compartment should be significantly lower than those for plasma. Indeed, the reported water relaxation times for whole blood are lower than those for plasma. For example, the water T 1 values at 20 MHz and 37°C are approximately 900-1100 ms for whole blood as compared with 1400-1500 ms for plasma. Likewise, the T 2 values are ~300-500 ms lower in whole blood as compared with plasma (Tables 2 and 3 ).
Another consequence of the two distinct compartments is the asymmetric distribution of paramagnetic heme iron. Oxygenated hemoglobin, abundant in the red blood cells of arterial blood, is diamagnetic. However, the deoxygenated forms abundant in venous blood are paramagnetic. This paramagnetism results in a magnetic susceptibility difference between the blood cell and plasma compartments, generating local field gradients that dephase water coherence as it diffuses through those gradients. Thus, 1 H water T 2 decreases as the fraction of deoxy-hemoglobin increases. This phenomenon was first described by Thulborn and colleagues in 1982 [58] and has been the focus of intensive study since then [59] [60] [61] [62] [63] [64] [65] [66] [67] [68] . Moreover, the paramagnetic deoxy-hemoglobin effect on T 2 has been exploited by Ogawa and colleagues to achieve blood oxygen-level dependent (BOLD) contrast in MRI [69] . The BOLD technique has become the mainstay of functional MRI, which revolutionized the field of brain activity mapping [70, 71] . An interesting personal and historical account of these discoveries was published by Thulborn in 2012 [72] .
The deoxy-hemoglobin gradient diffusion phenomenon in whole blood affects T 2 but not T 1 , as diffusion is not a relaxation mechanism for T 1 . The magnitude of the effect increases with (B o )2, with a quadratic dependence of T 2 on the fraction of deoxygenated hemoglobin in blood [58, 66, 68] . The effect can be suppressed by shortening the 2τ delay between successive 180° pulses in the CPMG scheme (Table 3 and refs. [58, 59, 66, 68] ). It becomes insignificant at B o fields below ~1 T or 43 MHz for 1H when 2τ is less than a few msec. Moreover, the effect depends on deoxy-hemoglobin being sequestered in an intracellular compartment and can be eliminated by lysing the red blood cells (Table 3 and refs. [58, 59] ).
A related, but distinct paramagnetic phenomenon affects both T 1 and T 2 in whole blood. The met-hemoglobin form of deoxy-hemoglobin contains a Fe(III) center, which permits a close proximity of water in the first hydration shell, leading to efficient electron-nucleus dipolar relaxation [58, 61] . Both T 1 and T 2 are lowered, but the effect may be more pronounced in T 1 as it represents a larger percent contribution to the relaxation mechanism. Unlike the paramagnetic gradient diffusion phenomenon, this electron-nucleus dipolar relaxation effect does not depend on a sequestered intracellular compartment and shows the most pronounced lowering of water T 1 when the cells are lysed ( Table 3 ).
The water relaxation times for whole blood have been analyzed and reported as single exponentials in all studies. Koivula et al. argued that the mono-exponential behavior was a consequence of the fast exchange of water on the T 1 time scale [42] . On first thought, this seems counterintuitive given that distinct intracellular and extracellular water compartments are separated by a cell membrane that is only selectively permeable to water. However, fast exchange is defined in relative terms. The T 1 time scale for whole blood can be estimated, in this case, by the difference in water relaxation times for isolated plasma and blood cells, approximately 600-800 msec ( Table 3 ). The reported lifetime for the transmembrane exchange of water across the red blood cell membrane is much shorter, approximately 10 ms [73] . Moreover, T 1 values for whole blood samples diluted with their own plasma are linearly correlated with hemoglobin content, providing further evidence for the "fast" exchange of water across the red blood cell membrane [74] .
Another factor to consider in the relaxation time analysis of whole blood is the spontaneous settling of blood cells in the NMR tube, which generates a cell pellet and plasma supernatant [66] . This process takes just a few minutes [63] , well within the time often employed for pre-acquisition temperature equilibration and instrument calibration. Some investigators have devised special mixing tubes or flow perfusion systems to prevent cell settling and to mimic in vivo conditions [12, 63, 64, 66, 68] . However, other reports did not specify protocols for keeping blood samples mixed during analysis [58] [59] [60] 62, 75, 76] . Sample settling could generate instrument-dependent artifacts that depend on sample geometry and rf coil design, with variation in the relative amounts of cell pellet and plasma supernatant exposed to the active range the transceiver coil. On the other hand, the fast exchange of water between compartments may attenuate or eliminate some of these artifacts. In any case, it is important to consider how sample settling may impact the data acquisition, analysis and interpretation.
The water T 1 relaxation times for whole blood and blood cells show a significant dependence on the B o magnetic field strength [12, 59, 60] . For whole blood, T 1 values increase from approximately 1000 ms at 20 MHz, to 1400-1700 ms at 63.9 MHz; a similar increase is observed with isolated blood cells (Table 3 ). This trend is consistent with dipolar relaxation resulting from the rotational tumbling of water molecules, in rapid exchange between the protein-bound and unbound states. Dipolar relaxation becomes more efficient, and T 1 becomes shorter, as the rotational correlation rate approaches the Larmor frequency.
By contrast, the T 2 values for human blood do not show this B o field dependence. As discussed above, additional exchange and diffusion effects are seen most vividly in deoxygenated blood or blood cell samples. The shortest T 2 values are observed in deoxygenated samples collected with long 2τ values at higher B o fields (Table 3 and refs. [ 59, 60, 67] ).
Other factors, such as temperature, pH [38] and hematocrit [12, 66] affect the T 1 and T 2 values of whole blood. Precautions to control sample pH by minimizing the release of CO 2 from the intrinsic bicarbonate buffer system have been discussed [38] .
Blood relaxometry and human disease
Like plasma and serum, whole blood relaxation times are strongly influenced by protein content [42] . So it follows that blood T 1 and T 2 values may be potential biomarkers for changes in the total concentration and/or relative distribution of blood proteins. Hemoglobin is, by far, the most abundant single protein in whole blood, representing approximately twothirds of the total blood protein concentration. Hemoglobin levels correlate strongly with red blood cell count and hematocrit, the volume percent of blood taken up by cells. Indeed, T 2 values are sensitive to hemoglobin and hematocrit [12, 42, 66, 77] . So it is conceivable that T 1 and/or T 2 values could be used as markers for anemia.
Anemia is a low blood cell count, or low hemoglobin level, resulting from three main causes: low production, increased degradation, or blood loss. Low production can occur in aplastic anemia, cancer, lymphomas, iron deficiency, hypothyroidism and chronic kidney disease. Anemia was the likely underlying cause of the apparent association between increased blood T 1 and cancer observed in some studies [42, 77] . Increased degradation can occur with splenomegaly, porphyria, thalassemia, vasculitis, and hemolysis. Blood loss can occur from wounds, gastro-intestinal, urinary or menstrual bleeding, or frequent blood donation. Anemia is routinely identified and evaluated using a complete blood count (CBC) [78] .
If red cell abnormalities can be assessed with a routine CBC, then what added value could NMR relaxation time measurements bring to the clinical screening of anemia? The answer lies in the advantages of compact NMR relaxometry: portability, simplicity, cost. It is conceivable that portable NMR devices could be used to measure hematocrit and other blood cell abnormalities non-invasively. In real-world primary care or community settings, the feasibility of deploying new tests for population screening or front-line diagnosis often hinges on practical considerations like these.
Although red blood cells are the dominant cell type in whole blood, early studies by Ekstrand et al. compared the T 1 values for white blood cells (leukocytes) in normal individuals with those for individuals with various disease states [40] . The leukocyte T 1 values were higher in individuals with active leukemia, as well as in non-leukemic individuals who have elevated white blood cell counts or leukocytosis. While the clinical significance of this finding was not determined at that time, it is conceivable that the elevated T 1 values in leukocytosis are a characteristic of activated neutrophils, which function as a first line of defense against pathogens.
An exciting new application of compact NMR relaxometry to human blood pertains to a quick and label-free diagnosis of malaria [79] . The Plasmodium parasites that infect red blood cells metabolize large amounts of hemoglobin and generate paramagnetic hemozoin crystallites. The resulting magnetic susceptibility differences lead to large changes in the water T 2 values of red blood cells. The compact NMR device designed for this work is illustrated in Fig. 5a . The changes in R 2 during repeated 48-hour life cycles of the malaria parasite are plotted in Fig. 5b [79] .
Conclusions and future prospects
As cataloged in this review, a sizeable number of low-field and compact relaxometry studies have been carried out to define the basis for water relaxation in purified blood proteins, whole plasma and serum, fractionated blood cells and whole blood. These results have been steadily translated into improvements in magnetic resonance imaging that have dramatically enhanced image quality and diagnostic capabilities. Several applications of compact NMR relaxometry have been successfully translated into blood-based diagnostic tests for Candidiasis, malaria, and hemostasis, which signals that compact NMR relaxometry has begun to reach its stride in clinical chemistry and medicine.
Because water T 2 can monitor the net effect of shifts in the distribution of many proteins in the blood with just one measurement, it could be characterized as a method for inverse proteomics. Protein shifts of this type occur with inflammation -both the acute phase response to overt infection or injury, as well as the more subtle inflammation that may occur with nutrient imbalance and insulin resistance, an early predictor of prediabetes and diabetes. A significant opportunity lies in applying water T 2 to detect subtle forms of inflammation that are not detected by conventional diagnostic tests. Compact NMR relaxometry is sufficiently portable, simple and cost-effective to be translated into such applications.
The ultimate goal is to develop simple tests that require no blood. As water NMR signals from blood can be measured from outside the body, one can envision a compact NMR device designed to monitor human physiology.
Beyond medical and diagnostic applications, compact NMR relaxometry has untapped potential as an analytical tool. Much of the relaxometry performed to date has utilized mono-exponential analysis and has not exploited the intrinsic resolving power of T 2 . For years, academic laboratories have focused on the use of mid-and high-field NMR spectroscopy to achieve resolution and address chemical problems. However, some problems or samples may lend themselves to compact relaxometry. Because of its portability, simplicity and low cost, compact NMR relaxometry should be appealing to wide range of chemists looking for a relatively simple and versatile analytical tool. Modified Carr-Purcell-Meiboom-Gill (CPMG) pulse sequence for measuring T 2 in human blood serum or plasma using benchtop time-domain NMR relaxometry. The key elements of the pulse sequence are discussed in the text. For a 10 mm tube, the Δ delay is tuned to 0.95*T 1 , which corresponds to suppression of the water to 23% of its full intensity. For samples in a co-axial insert within a 10 mm tube, the composite 180 and delta delay are disabled. The τ delay is kept short (0.19 ms) to minimize the possible impact of translational diffusion on T 2 in an inhomogeneous B o field. The green loop utilizes DA = 42 to achieve delayed acquisition of the first data point until after the first 19 ms of intensity decay. With DE = 5, the signal intensity of one in every six echoes was recorded during the NP loop. In contrast to conventional NMR spectroscopy, the time points for the exponential decay curve are recorded directly during the CPMG pulse scheme, as designated by the purple arrow. The relaxation delay RD was set to 5*T 1 , corresponding to ~8 sec for serum or plasma; NP = 5600, NS = 8. Phase cycles for the pulses: φ = (x) 2 , (−x) 2 , (y) 2 , (−y) 2 ; ψ = x,−x. Phase cycle of the receiver: same as φ. Total experiment time for 8 scans: 3.2 minutes. Data were recorded at 37°C using a Bruker Minispec mq20 operating at 0.47T (20MHz for 1 H). Time-domain NMR relaxometry analysis of human blood serum. (A) Raw NMR relaxometry data for human serum consisting of a multi-exponential CPMG decay curve; (B) CONTIN-generated T 2 profile for human serum, derived from a continuous inverse Laplace transform of the multi-exponential decay curve in (A). This profile is not to be confused with a conventional NMR spectrum. The T 2 profile reveals an intense water peak (blue) and a few small peaks arising from directly-detected lipid and protein components of serum (orange). (C) Expansions of the water T 2 profiles for individual human subjects illustrating the wide range of T 2 values observed across a cohort of 29 presumably healthy human subjects. Panel C is reproduced from ref. [19] , with permission from Wolters Kluwer Health, Inc. Variation of water T 2 values with total protein concentration for samples of human serum albumin (▲), lipoprotein-depleted human serum (■) and whole human serum (•). The whole serum and lipoprotein-deficient serum samples were progressively diluted with phosphate-buffered saline to in order to vary total protein concentration. Similarly, a concentrated albumin stock solution was progressively diluted. Total protein concentrations were determined using the bicinchoninic (BCA) assay, as implemented in a kit from the Pierce Protein Biology Division of Thermo Fisher Scientific. Relaxometry-based method for the rapid detection of malaria parasite-infected red blood cells in whole blood, from reference [79] . The parasite is detected by its production of hemozoin, which creates magnetic susceptibility differences and T 2 changes for red blood cells. (a) Schematic illustration of the compact NMR relaxometry system, which consists of a portable permanent magnet that provides a strong polarizing magnetic field and a homebuilt radiofrequency (RF) detection probe. The bio-sensor is connected to an RF unit, which acts as a transmitter and receiver of the RF signal. A micro centrifuge is used to separate the plasma from the RBC-and iRBC-containing pellet inside a microcapillary tube. The microcapillary tube is then slotted into the RF detection probe. The RF circuitry (right) of the detection probe (50 Ω impedance) was tuned to the resonance frequency for protons (21.65 MHz) using variable capacitance at Cm = 40 pF and Ct = 800 pF. L, inductance; R, resistance of the coil; C, capacitance of the circuit. (b) P. falciparum (malaria parasite) infection and the R 2 responses as measured by the NMR relaxometry system. The 48-h life cycle of P. falciparum inside red blood cells is such that the hemozoin pigment becomes more prominent as the cell cycle proceeds into the later stages. This R 2 increases as the cycle progresses, and the cultures are synchronized every 48 hours. The box plots show the lower quartile, median and upper quartile of their respective sample distributions. The control reading (gray boxplots) is denoted as C1 to C8 for its respective days. An 2τ interecho time of 200 μs, consisting of 2000 echoes, a total of 24 scans, was used. 10 samplings were taken per time point in every 24 h throughout the experiment. R 2 index for postinfection cycle 1 was significantly higher than healthy baseline (P < 0.0002), determined by two-tailed Student's t-test. The figures and legends were adapted from reference [79] and used by permission from the Nature Publishing Group. 9 healthy subjects [54] Whole blood 1429 ± 20~170 63.9 MHz, 37°C not specified; HCT ~ 0.4 [43] Whole blood 1695 ± 29~220 63.9 MHz, 37°C not specified; HCT ~ 0.3 [43] Whole blood 1250 ± 156 227 ± 10 63.9 MHz, 37°C not specified [66] a Mean ± S.D. for subject population; e Delay between 180 pulses in CPMG, 2τ = 32 ms.
